INTRODUCTION
Dairy cow mortality causes financial losses and is an important animal welfare issue . Results from the USDA:APHIS:VS National Animal Health Monitoring System (NAHMS) Dairy 2002 survey reported that 4.8% of dairy cows die on-farm across the country each year (USDA, 2002a) . This level of mortality represents an increase from 3.8% of the January 1996 inventory, and is a relatively high death rate compared with that of beef cows or feedlot animals for which annual death rates are estimated at 1 to 1.5% (NAHMS, 1997; USDA, 2000) . Dairy Herd Improvement Association records from the late 1990s suggest that dairy cow death rates are even higher. A study of 11,259 DHIA cow records ending in 1998, from all regions except the West, reported death rates of 5.9 to 7.7% (Smith et al., 2000) . Variability in causes of death and rates of occurrence on different operations arises because of the complex nature of dairy management systems. In the NAHMS survey "unknown reasons" accounted for the single largest percentage (20%) of producer-attributed reasons for dairy cow deaths, followed by calving difficulty problems (17%), mastitis (17%), and lameness or injury (14%; USDA, 2002a) .
Dairy cow survival is influenced by both management and genetic factors (Weigel et al., 2003) . Cows that are genetically superior milk producers tend to be genetically less superior for fertility and survival (Dematawewa and Berger, 1998) . Thus, with large increases in daily milk production the ability to convert energy reserves to production may be at the expense of cow health and reproduction (Lucy, 2001; Dechow et al., 2004; Tsuruta et al., 2005) . Increased average yields in milk, fat, and protein have occurred alongside associ-ated increases in reproductive and metabolic diseases (Dechow et al., 2004) . Some subclinical physiologic or metabolic problems may increase the likelihood of death. Numerous such problems have been described and can be identified including subclinical hypocalcemia, subacute ruminal acidosis, severe negative energy balance and other metabolic disease in early lactation, trace mineral and vitamin deficiency, poor immune responsiveness in the postpartum period, and feed quality problems that induce gastrointestinal disturbances or specific toxicoses (Politis et al., 1996; Mallard et al., 1998; Piccinini et al., 2004) . Other clinically recognizable health problems that increase the risk of death or culling in dairy cows include calving difficulty, coliform mastitis, clinical hypocalcemia, and paratuberculosis (Dohoo and Martin, 1984; Milian-Suazo et al., 1989; Wenz et al., 2001) .
There are complex genetic and phenotypic relationships among yield, fertility, and survival. Management decisions and other variables contribute to the complexity of the relationships. Although cows with the genetic potential for high production appear to have a lower genetic potential for survival, producers may provide better management (e.g., feed and health care) for those high-producing cows. Such preferential treatment may lower mortality rates for high-yielding cows relative to those for low-yielding cows (Dematawewa and Berger, 1998) and lead to a decrease in mortality with increasing milk production at the herd level (Smith et al., 2000; . Nonetheless, as producers adopt new and more intensive production methods in an effort to lower costs and increase yields, systematic problems with animal care may arise, particularly in herds in which less individual attention is possible (Norgaard et al., 1999) . As herds continue to expand, it is becoming increasingly important to identify factors that affect the health and survival of high-producing dairy cows (Weigel et al., 2003) . The objective of this study was to examine a variety of herd management practices and herd characteristics to identify risk factors associated with increased cow mortality in US dairy herds. a general management questionnaire was administered to dairy farms with one or more dairy cows on January 1, 2002. Only farms that participated in phase I and had 30 or more dairy cows were eligible to participate in phase II. The phase II questionnaires covered topics including general management, animal health, herd characteristics, handling of manure and waste treatment, milking procedures, biosecurity, and cattle inventory. Of the 1,008 operations completing phase II, 953 had complete data and were eligible for inclusion in the analysis.
MATERIALS AND METHODS

During the NAHMS
The survey design was a stratified random sample with unequal selection probabilities within each stratum. The unequal selection probabilities were implemented to ensure that large dairy operations were represented in the sample. Weights were created for each operation to account for the selection probabilities and for nonresponse. Complete details of the study design and sample weighting are published elsewhere (USDA, 2002b) . Continuous variables were classified into categories based on the lowest 25%, middle 50%, and highest 25%.
The association between dairy cow mortality and 119 a priori operation-level management practices or characteristics was evaluated univariately via a Chi-square test. The percentage of dairy cow mortalities was determined by dividing the number of cows that died during 2001 by the number of dairy cows (both dry and in milk) present on January 1, 2002, for each operation ( Figure  1 ). Mortality levels were categorized into low, moderate, and high groups (<2.5, 2.5 to 6.25, and >6.25%) to be used as the outcome variables in the analysis. Independent variables that met the univariate screening criteria (P < 0.15) were evaluated using an unweighted ordinal logistic regression with stepwise model selection using the ologit procedure of STATA (STATA 9.2, Statacorp, College Station, TX). A second ordinal logistic model was constructed because the statistical software did not allow for a stepwise selection method that accounted for the study design and weighting. After the variable selection procedure in the first model, variables with P < 0.05 were entered into an ordinal logistic procedure that incorporated the study design and the sampling weights to appropriately estimate model coefficients and associated standard errors. Interactions between the final selected variables were evaluated as well.
RESULTS
Eighty of the 119 risk factors explored in the univariate analysis met initial screening criteria for further evaluation of association with dairy cow mortality (Table 1). Region of the country and adult herd size were associated with dairy cow mortality. Operations reporting greater than 355 adult cows were associated with increased levels of mortality (P < 0.0001; Table 1), as were those operations in the West, Midwest, and Southeast relative to the Northeast (P = 0.0002). A greater rolling herd average milk production (>9,980 kg/cow per year) was associated with greater levels of mortality (P < 0.05). Other management practices such as feeding a TMR (71.1% of operations; P < 0.0001), using forage test results to balance rations (87.1% of operations; P < 0.0001), using MUN to determine ration composition (33.5% of operations; P = 0.0002), administering bST (36.4% of operations; P < 0.0001), and routine drenching of fresh cows (25.8% of operations; P = 0.0292) were all associated with a greater level of mortality.
Numerous health management variables describing heifer and cow vaccinations and nutritional supplementation were associated with increased levels of mortality (P < 0.05; and other reproductive problems (e.g., dystocia, metritis) were all associated with increased mortality levels. Similar increases in mortality were observed with increased levels of respiratory problems, lameness, diarrhea, displaced abomasums, and clinical mastitis.
Various parameters describing operation facilities were associated with mortality levels. Greater levels of mortality were associated with the use of freestalls as the primary housing facility for lactating dairy cows (53% of operations; P < 0.0001), and with herds that did not provide an outside area for lactating dairy cows (30.6% of operations; P = 0.0125). If the primary housing facility for maternity cows was a multiple-animal area (43.1% of operations), then there was an association with increased mortality levels (P < 0.0001). Conversely, operations primarily housing maternity cows in an individual animal area (26.2% of operations) were associated with reduced levels of mortality (P = 0.0121). For variables related to biosecurity, dairies that brought cattle onto the operation were associated with increased levels of mortality (P = 0.0007).
Of the 80 variables that passed the screening process, only 7 that were significantly associated with mortality level at the univariate level remained in the final Table 2 ). The odds of a herd being in a higher category of dairy cow mortality were 2.89 times as high among herds with a high percentage (>16.1%) of lameness during 2001, and 2.34 times as high among herds with a moderate level (3.4 to 16.1%) of lameness compared with herds with a low level (≤3.3%) of lameness. Further, the odds of a herd being in a higher category of dairy cow mortality were 2.27 times as high among herds with a high percentage (>41.2%) of sick cows treated at least once with antibiotics during the preceding 12 mo, and 1.61 times as high among herds with a moderate level (12.8 to 41.2%) of sick-cow treatments compared with herds with a lower level (≤12.7%) of sick animals treated with antibiotics. Herds with a low percentage of cows that were culled less than 50 DIM (≤2.0%) were 1.97 times more likely to have a greater level of mortality than were herds with a moderate level (2.1 to 20.8%) of cows that were culled less than 50 DIM. The odds of a herd being in a higher category of dairy cow mortality were 1.78 times as high among herds with a longer (>13.9 mo) calving interval compared with herds with a shorter (≤12.9 mo) calving interval. Herds fed a TMR were 2.08 times more likely to have a greater level of mortality than were herds that did not feed a TMR. Additionally, herds located in the West, Southeast, and Midwest were respectively 2.53, 2.18, and 2.07 times more likely to experience a greater level of dairy cow mortality than were herds in the Northeast.
DISCUSSION
The national scope of the sampling including information regarding management practices and characteristics of dairy production provided this current study with a unique data set. There are relatively few studies focusing on dairy cow mortality (Gardner et al., 1990; Faye and Perochon, 1995; Stevenson and Lean, 1998; Norgaard et al., 1999; Thomsen et al., 2004 . A primary focus has often been on describing mortality relative to population characteristics such as parity, disease prevalence, or days in lactation while attempting to specify causes of death.
Some studies have, however, focused on management factors and their relationships to dairy cow mortality (Norgaard et al., 1999; Smith et al., 2000; ). An increase in herd size, average SCC, or the proportion of purchased cows has been shown to result in an increasing mortality risk at the herd level. Lower mortality risks have been found for herds that were pasture-grazed during the summer, organic versus conventional, used freestall barns with deep litter, or had increasing milk production at the herd level (Smith et al., 2000; . Others have suggested that although larger herd sizes with increased mechanization contribute to less attention per cow and increased mortality, greater levels of physiologic stress and increased mortality can also stem from key production figures such as increasing concentrate consumption and average milk yield per cow (Norgaard et al., 1999) .
In the present study, univariate associations were demonstrated between greater mortality levels and increasing herd size, dairy location, production parameters related to nutritional and health management, specific disease problems and treatments, facilities, and biosecurity. Contrary to previous reports, this study found that herds with greater annual rolling herd averages for milk production were more likely to be associated with greater mortality levels than were the lowestproducing herds. The final multivariate model retained factors associated with management as well as health and reproductive problems. Specifically, the final model demonstrated increased odds of a greater level of mortality when a TMR was fed, and for those operations with the lowest level of culled cows less than 50 DIM, the longest calving interval level, or increased levels of respiratory problems, lameness, or antibiotic treatments of sick cows.
Greater rates of common production diseases are often related to an increase in mortality (Norgaard et al., 1999; Thomsen et al., 2007) . A large proportion of dairy cow deaths (Stevenson and Lean, 1998; Thomsen et al., 2004) and the greatest frequency of health disorders are associated with early lactation, including locomotor disorders that may result in euthanasia (Shanks et al., 1981; Markusfeld, 1993; Green et al., 2002) . If homeostatic mechanisms cannot respond to the tremendous metabolic and endocrine challenges related to parturition and the onset of lactation, diseases such as clinical hypocalcemia, ketosis, retained fetal membranes, metritis, mastitis, and abomasal displacement may occur. Diseases such as laminitis, ovarian cysts, endometritis, and anestrus that typically become clinically apparent later postpartum are related to this early postpartum period as well (Melendez and Risco, 2005) . Failing to recognize and appropriately manage or remove those animals suffering from severe disease and disorders during early lactation may be at the expense of increased mortality levels. Factors within the final model that were associated with dairy cow mortality included variables representing herd reproduction, disease recognition and treatment, and early postpartum culling, highlighting the influence and importance of the transition period on the health and productivity of dairy cows.
The calving interval for a dairy represents numerous facets of an operation's herd and reproductive health and management indices. Herd size and calving interval have been positively correlated (USDA, 2002a) and the shift toward larger dairies has created a new management paradigm (Lucy, 2001) . Complex interactions between variables such as dairy expansion and labor management, disease control within confinement dairies, inbreeding and selection for production traits, hormonal manipulation, and heat abatement dictate calving intervals (Pryce et al., 2000; Lucy, 2001 ) and mirror the interwoven physiologic and management factors that potentially determine mortality rates.
Economic pressure drives the structural development of dairy farming and has necessitated the intensification of production through the comprehensive rationalization of production systems alongside productivity increases (Norgaard et al., 1999) . Intensive management practices such as animal crowding and feeding high levels of concentrate may contribute to greater levels of physiological stress. These practices in tandem with changes in the physical environment (increased mechanization, larger herd sizes) that contribute to less attention per cow, altered culling practices, and an influx of purchased cows may adversely influence death rates (Norgaard et al., 1999; Weigel et al., 2003; . For large, intensively managed herds, training and oversight of employees becomes increasingly important. The ability of dairy personnel to adequately identify disease in individual animals and respond with prompt, appropriate individual animal attention is limited by the extent of their experience and training (Ruegg, 2001) . Because the preponderance of sick cows on large dairies are identified, diagnosed, and treated by farm workers with limited training, increased health problems and deaths may be associated with inadequate training and subsequent inadequate clinical disease management or animal removal.
Variations in regional US death losses have been described previously (Smith et al., 2000) . This association may relate to regional differences in aspects of the physical environment, nutrition, and management factors. After adjusting for other factors, this study demonstrates that herds located in the West, Southeast, and Midwest experienced a significantly greater level of dairy cow mortality than did herds in the Northeast. One of the most striking facets of regional dairy production involves the trend for herd expansion at the expense of farm numbers. Increases in disease-related problems as a function of inadequate biosecurity have been documented following herd expansions (Faust et al., 2001) . Additionally, increases in physiological strain as well as a more stressing environment following expansion (Norgaard et al., 1999; Weigel et al., 2003) may limit the resistance of cattle when exposed to infectious agents . Regional variations in mortality levels may relate to problems associated with dairy herd expansion.
The goal of this analysis was to identify features of dairy operations that might be managed differently to decrease mortality rates. The Dairy 2002 survey was not specifically designed to assess causes of mortality, and therefore it should be expected that some of the identified associations with mortality would not be as well focused as desired. The univariate analysis demonstrated associations between greater mortality levels and numerous health management variables describing the administration of vaccinations and nutritional supplementation. Rather than implying that vaccination or vitamin and mineral supplementation causes mortality, it is more likely that operations confronted with animal health challenges incorporate such management strategies. Similarly, variables such as respiratory disease and lameness were strongly associated with dairy mortality, but this observation does not subJournal of Dairy Science Vol. 91 No. 4, 2008 stantiate that these conditions cause greater levels of mortality. It is more plausible that some management features not specifically identified with this data set promote both high levels of dairy cow health challenges and high levels of dairy mortality. Future studies should attempt to identify specific features of intensified dairy production and management likely to adversely influence cow health and survival.
CONCLUSIONS
Dairy cow mortality is an increasing problem in the dairy industry. Analysis of a variety of herd characteristics and practices at the national level suggests that health problems in tandem with physical and management changes related to intensification are predictors of mortality. When analyzing causes of dairy cow mortality, consideration should be given to operational attributes such as the use and composition of a total mixed ration, the calving interval, region of the country, and herd levels of respiratory disease, lameness, sick cow treatments, and early postpartum culling.
